Abstract. The inhalation anesthetic, isoflurane, induces learning and memory impairment. Mitochondrial dysfunction and oxidative stress are thought to play important roles in isoflurane-induced neuroapoptosis. In this study, we treated neuronal cells with isoflurane for 6 h. We found that isoflurane induced the opening of mitochondrial permeability transition pores, increased the levels of reactive oxygen species and the activation of caspase-3, and decreased the mitochondrial membrane potential and the intracellular calcium ion concentration. Resveratrol (RESV; trans-3,5,4'-trihydroxystilbene), a naturally occurring phytoalexin, is found at high concentrations in the skin of red grapes and red wine and has been demonstrated to have anti-infective, antioxidant and cardioprotective functions. Our findings demonstrated that the neuroprotective effects of RESV were independent on its direct radical scavenging properties. Following treatment of the cells with various concentrations of RESV, we found that RESV induced the expression of mitochondrial superoxide dismutase and catalase activity, and reduced mitochondrial oxidative stress and damage. The data from the present study demonstrate that RESV effectively protects neuronal cells from isofluraneinduced cytotoxicity by activating the Akt signaling pathway.
Introduction
An estimated 200 million patients worldwide undergo anesthesia and surgery each year (1, 2) . Previous studies have reported that subanesthetic exposure to individual anesthetic drugs, including ketamine (3), propofol (4) and sevoflurane (5) , triggers a significant neuroapoptotic response in the infant rodent brain. Likewise, isoflurane alone causes cell damage in various neuronal and non-neuronal tissues and cells (6, 7) . The anesthetic action of isoflurane is thought to be mediated by multiple mechanisms, including actions on GABA A , glycine and glutamate receptors and potassium channels (8) (9) (10) . Isoflurane is also known to exert a depolarizing action on neuronal mitochondria (11) . Isoflurane induces caspase activation and apoptosis through the mitochondrial-dependent apoptotic pathway (12) .
Resveratrol (RESV; trans-3,5,4'-trihydroxystilbene), a polyhydroxyphenolic antioxidant, was first isolated in 1940 as an ingredient of the roots of white hellebore (13) and since then it has been isolated from a variety of plant species, including grapes (14) . The trans-isomeric form of RESV is the steady form and mediates a broad-spectrum of beneficial health effects, including anti-infective, antioxidant and cardioprotective functions (15) . In multiple models of neurological injury, RESV has demonstrated efficacy in reducing neuropathological and behavioral sequelae, such as stroke (16, 17) , spinal cord injury (18, 19 ) and Huntington's disease (20) . Thus, it is important to obtain a better understanding of the mechanisms behind the neuroprotective effects of RESV in brain cells.
To our knowledge, there are no related reports to date on the role of RESV in isoflurane-induced neuroapoptosis. In this study, we confirm and extend previous findings and demonstrate the neuroprotective effects of RESV. Importantly, the mechanism(s) of action of RESV were determined by western blot analysis to determine the expression of apoptosis-related molecules, such as caspase-3, -8 and -9.
Materials and methods
Cell culture and treatment. All experiments with animals were performed according to the guidelines of our University Ethics Committee. Neuronal cells derived from the cerebral neocortex were harvested from 16-day-old embryonic mice by caesarean section from pregnant BALB/c mice. The cells (5x10 5 ) were plated on 24-well plates pre-coated with poly-L-lysine (Sigma Chemical, St. Louis, MO, USA) and the cultures were maintained at 37ºC in a 5% (v/v) CO 2 incubator and supplemented with neurobasal medium supplemented with B27 (X1) and glutamine (25 mM) . Neuronal cell cultures were ready to use on day 7. O 2 (21%), CO 2 (5%) and isoflurane (2%) were delivered from an anesthesia machine to a sealed plastic box. A Datex infrared gas analyzer (Puritan-Bennett, Tewksbury, MA, USA) was used to continuously monitor the delivered carbon dioxide, oxygen and isoflurane concentrations.
Drugs. RESV (Sigma Chemical) was dissolved in 7:3 saline (0.9 % NaCl):solutol (BASF Corp., Wyandotte, MI, USA). Butin was purchased from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan) and dissolved in dimethylsulfoxide (DMSO); the final concentration of DMSO did not exceed 0.02%.
Experimental design. The cells were divided into 7 groups as follows: group 1, control; group 2, 2% isoflurane for 6 h; group 3, RESV 50 µM for 24 h + 2% isoflurane for 6 h; group 4, RESV 100 µM for 24 h + 2% isoflurane for 6 h; group 5, RESV 200 µM for 24 h + 2% isoflurane for 6 h; group 6, butin 10 µg/ml for 24 h + 2% isoflurane for 6 h; group 7, RESV 200 µM for 24 h + siRNA AKT for 24 h + 2% isoflurane for 6 h.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
To investigate the protective effects of RESV on isoflurane-induced neuronal death, MTT assay was used. MTT (10 µl, at 5 mg/ml) was added to each well at a final concentration of 500 µg/ml, and the mixture was further incubated for 1 h at 37˚C and the liquid in the wells was removed thereafter. DMSO (100 µl) was then added to each well and the absorbance was read using a UV Max microplate reader (Molecular Devices, Palo Alto, CA, USA) at 560 nm.
TUNEL assay. For apoptosis detection, the cells were washed in PBS, fixed, permeabilized and subjected to TUNEL labeling using an in situ Cell Death Detection kit (KeyGen, Nanjing, China) according to the manufacturer's instructions. Following counterstaining with DAPI (1 µg/ml), photographic images were acquired using an Olympus CX71 fluorescence microscope (Olympus, Tokyo, Japan). TUNEL-positive nuclei were stained green and all other nuclei were stained blue as previously described (21, 22) .
Comet assay. A comet assay was performed to assess oxidative DNA damage (23, 24) . The cell pellet (1.5x10 5 cells) was mixed with 100 µl of 0.5% low melting agarose (LMA) at 39˚C and spread on a fully frosted microscopic slide that was pre-coated with 200 µl of 1% normal melting agarose (NMA). Following solidification of the agarose, the slide was covered with an additional 75 µl of 0.5% LMA and then immersed in lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Trion X-100 and 10% DMSO; pH 10.0) for 1 h at 4˚C. The slides were then placed in a gel electrophoresis apparatus containing 300 mM NaOH and 10 mM EDTA (pH 13.0) for 40 min to allow DNA unwinding and the expression of the alkali-labile damage. Following electrophoresis, the slides were washed 3 times for 5 min at 4˚C in a neutralizing buffer (0.4 M Tris, pH 7.5) and then stained with 75 µl of ethidium bromide (20 µg/ml). The slides were observed under an Olympus CX71 fluorescence microscope.
Cell apoptosis assay. Apoptosis was determined using an Apoptosis Detection kit (KeyGen). Briefly, the cells were collected, washed twice in ice-cold PBS and then resuspended in binding buffer at a density of 1x10 6 cells/ml. The treated cells were incubated with fluorescein-labeled Annexin V and propidium iodide (PI) for 20 min. Following the labeling reaction, the expression of Annexin at the cell surface was analyzed by a FACSCalibur (Model FACSC 420; BD Biosciences, Baltimore, MD, USA). Data were analyzed using CellQuest software from BD Biosciences.
Determination of mitochondrial membrane potential (MMP).
MMP was analyzed using the fluorescent dye, 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolycarbocyanine iodide (JC-1), following the manufacturer's instructions (KeyGen). Briefly, the cells were plated in a 6-well culture plate. Following treatment for 24 h, the cells were washed twice with PBS, harvested and incubated with 20 nM JC-1 for 30 min in the dark. MMP was then analyzed using a FACSCalibur, as described above.
Flow cytometric analysis of mitochondrial permeability transition pore (mPTP) opening. The opening of mPTPs was determined by flow cytometry (FCM), using the MitoProbe™ Transition Pore Assay kit (Invitrogen, Carlsbad, CA, USA). Under normal conditions, the non-fluorescent acetoxymethyl (AM) ester of calcein dye (calcein AM) and cobalt enters the cell. The AM groups are cleaved from calcein via non-specific esterase and calcein can then show fluorescence signals in the cytosol and mitochondria. Cobalt quenches the cytosolic calcein signal. However, cobalt cannot enter healthy mitochondria freely and therefore cannot quench the mitochondrial calcein signal. When the opening of mPTPs occurs, cobalt enters through the pores and subsequently quenches the mitochondrial calcein signal. FCM was used to detect the number of cells that exhibited quenched calcein signals inside the mitochondria. The location of the curves indicates the numbers of such cells, which suggests the opening of mPTPs (25) .
Quantification of cellular reactive oxygen species (ROS).
The levels of cellular ROS were quantified according to a previously described method (26) . Briefly, the cells (5x10 5 ) were cultured in 12-well tissue culture plates overnight and then co-treated with drugs and 2',7'-dichlorofluorescein diacetate (DCF-DA), a ROS-sensitive dye. Following treatment with the drugs, the cells were harvested and suspended in PBS. Relative fluorescence intensities of the cells were quantified using a FACSCalibur, as described above.
Catalase (CAT) assay. CAT activity was assayed using the method developed by Aebi (27) which is based on the disappearance of hydrogen peroxide (H 2 O 2 ) at 240 nm. One unit was defined as 1 µmol of H 2 O 2 consumed per min, and the specific activity was reported as U/mg/protein.
Superoxide dismutase (SOD) assay. The mitochondria and cytosol were fractionated using the Mitochondria/Cytosol Fractionation kit (BioVision, Sheffield, UK). The amount of proteins was determined using the Bio-Rad Protein Assay (BioRad, Hercules, CA, USA). SOD activity was determined using the SOD Activity Assay kit (BioVision). The relative SOD activity was normalized according to the protein content and shown as a percentage of SOD activity present in the control cells.
Measurement of adenosine triphosphate (ATP) levels.
According to the instructions provided by the company, ATP assays were conducted using either the ATPlite Assay Measurement of caspase-3, -8 and -9 activities. Caspase activity was measured using a Colorimetric Assay kit according to the manufacturer's instructions. After harvesting, the cells were washed in ice-cold PBS and lysed; proteins were extracted and stored at -80˚C until use. Cell lysate (20 µl) was added to a buffer containing a p-nitroaniline (pNA)-conjugated substrate (80 µl) for caspase-3 (Ac-DEVD-pNA; KGA203), -8 (Ac-IETD-pNA; KGA302), or -9 (LEHD-pNA; KGA402; all from KeyGen). Incubation was performed at 37˚C with shaking (500 rpm for 1 min) and then at room temperature for 2 h. The released pNA in each well was measured using a plate-reading luminometer (Thermo Scientific, Beijing, China).
Immunoblotting. Protein extracts were analyzed by western blot analysis using the antibodies listed in Table I . Cell extracts obtained in Laemmli buffer were resolved on SDS-PAGE, followed by electrotransfer onto nitrocellulose membranes. Following a blocking step in 5% milk in Tween-TBS, the membranes were incubated with primary and secondary antibodies. The membranes were then developed and visualized by enhanced chemiluminescence (ECL) (Pierce Antibodies; Thermo Fisher Scientific, Inc., Rockford, IL, USA).
Statistical analysis. The statistical significance of the differences between the control and drug-treated groups was evaluated using the Student's t-test and differences were considered statistically significant at P-values <0.05. Analysis of the data was performed using GraphPad Prism 4 software (GraphPad Software, Inc., San Diego, CA, USA).
Results

Isoflurane induces apoptosis in neuronal cells.
To determine whether isoflurane induces apoptosis in neuronal cells, the cells were treated with 2% isoflurane for 6 h. As shown in Fig. 1A , the proliferation rate of the neuronal cells was inhibited by isoflurane (P<0.05). The proliferation of the neuronal cells was inhibited by isoflurane. The isoflurane-treated cells with damaged DNA displayed high migration of DNA fragments from the nucleus, forming a tail in comet form (Fig. 1B) . TUNEL assay confirmed that the number of apoptotic cells in the isoflurane-treated groups was significantly higher than that in the untreated group (Fig. 1C) . To detect apoptotic cells quantitatively, Annexin V-FITC and PI double staining was performed. In the cells treated with isoflurane, the apoptotic ratio was 8-10-fold higher than that in the untreated cells (P<0.05) (Fig. 1D) . As caspase-3 activation is one of the final steps of cellular apoptosis (28), we assessed the effects of isoflurane on the activation of caspase-3, -8 and -9 by colorimetric assay and western blot analysis. The activity of caspase-3, -8 and -9 was significantly increased in the isoflurane-treated cells compared with the untreated cells (Figs. 1E and 3 ). Fig. 2A , the ratio of red/green in the neuronal cells (2.3% green, 97.7% red) was reversed following treatment with isoflurane (73.8% green, 26.2% red). The fluorescence emission shift from red to green indicated the loss of membrane potential. The results indicated that the isoflurane-induced apoptosis was associated with the loss of MMP in the neuronal cells. Flow cytometric analysis of calcein AM and cobalt illustrated that treatment with isoflurane induced an increase the opening of mPTPs in the neuronal cells (Fig. 2B, peak 2 ) compared with the untreated cells (Fig. 2B, peak 1) , as evidenced by the right shift of the curve. We used the fluorescent dye, DCF-DA, to measure the ROS content in the neuronal cells following treatment with isoflurane. As shown in Fig. 2C , isoflurane directly induced an increase in fluorescence intensity in the neuronal cells (48.6%) as compared with the untreated cells (16.2%; P<0.05). Furthermore, we evaluated the antioxidant enzyme activity of CAT and SOD and found that the levels of CAT and SOD were significantly decreased in the isoflurane-treated neuronal cells (P<0.05) (Fig. 2D and E) . We then examined the cellular ATP levels of the isoflurane-treated neuronal cells and the untreated cells using an ATP-based luminescent assay. The untreated cells had 2-fold higher total cellular ATP levels compared with the isoflurane-treated cells (P<0.05) (Fig. 2F) . Furthermore, we observed a decrease in the intracellular calcium ion concentration in the isoflurane-treated neuronal cells (Fig. 2G) .
Isoflurane induces apoptosis in neuronal cells by destroying the mitochondria. As shown in
RESV protects neuronal cells against isoflurane-induced apoptosis.
Following treatment with isoflurane, the neuronal cells were cultured in the presence of increasing concentrations of RESV (50, 100 and 200 µM) for 24 h. This led to an increase in cell viability in a concentration-dependent manner (Fig. 1A) . Co-treatment of the neuronal cells with isoflurane and RESV reduced isoflurane-induced cell death in a concentration-dependent manner, as evidenced by comet assay and TUNEL assay (Fig. 1B and C) . Subsequently, we investigated the changes in The activity of caspase-3, -8 and -9 was detected in each group. Experiments were performed in triplicate and were repeated 3 times. Group 1, control; group 2, 2% isoflurane for 6 h; group 3, RESV 50 µM for 24 h + 2% isoflurane for 6 h; group 4, RESV 100 µM for 24 h + 2% isoflurane for 6 h; group 5, RESV 200 µM for 24 h + 2% isoflurane for 6 h; group 6, butin 10 µg/ml for 24 h + 2% isoflurane for 6 h; group 7, RESV 200 µM for 24 h + siRNA AKT for 24 h + 2% isoflurane for 6 h. plasma membrane asymmetry (using Annexin V and PI double staining) to quantify the population of dead cells. In the cells treated with RESV and isoflurane, the apoptotic ratio was 1.5-6-fold lower than that of the cells treated with isoflurane alone (P<0.05) (Fig. 1D) . The activity of caspase-3, -8 and -9 was significantly decreased in the RESV-and isoflurane-treated cells compared with the isoflurane-treated cells (Figs. 1E and 3) . Hence, we further investigated the effects of RESV on isofluraneinduced changes in mitochondrial function and morphology. Co-treatment with RESV almost completely prevented the isoflurane-induced loss of MMP ( Fig. 2A) . We also found that treatment with RESV led to a decrease in the isoflurane-induced opening of mPTPs (Fig. 2B, peak 3-5) . When DCF-DA was used as a ROS-sensitive fluorescence indicator, the accumulation of ROS in the neuronal cells treated with isoflurane was markedly downregulated by RESV (P<0.05) (Fig. 2C) . The presence of RESV abrogated the decreased levels of CAT and SOD in the isoflurane-treated neuronal cells (P<0.05) (Fig. 2D and E) . As expected, RESV also increased ATP levels and the intracellular calcium ion concentration in the isoflurane-treated neuronal cells (P<0.05) (Fig. 2F and G) . Butin was used as a positive control (Figs. 1 and 2) .
Role of the Akt signaling pathway in mediating the protective effects of RESV against isoflurane-induced cytotoxicity.
In the present study, we examined the roles of related signaling molecules in mediating isoflurane-induced neuronal death and the protective effects of RESV in neuronal cells by western Figure 3 . Effects of resveratrol and isoflurane on mitochondrial apoptosisrelated proteins. Cellular protein was isolated from the neuronal cells following treatment for 24 h. Western blot analysis was then performed to detect AKT, Bcl-xl, Bcl-2, Bax, phosphorylated (p)-AKT, phosphorylated (p)-Bcl-2, actived caspase-9 and caspase-3 proteins using respective specific antibodies. β-actin was used as an internal control. Group 1, control; group 2, 2% isoflurane for 6 h; group 3, RESV 50 µM for 24 h + 2% isoflurane for 6 h; group 4, RESV 100 µM for 24 h + 2% isoflurane for 6 h; group 5, RESV 200 µM for 24 h + 2% isoflurane for 6 h; group 6, butin 10 µg/ml for 24 h + 2% isoflurane for 6 h; group 7, RESV 200 µM for 24 h + siRNA AKT for 24 h + 2% isoflurane for 6 h. 2+ levels were detected by flow cytometry. Group 1, control; group 2, 2% isoflurane for 6 h; group 3, RESV 50 µM for 24 h + 2% isoflurane for 6 h; group 4, RESV 100 µM for 24 h + 2% isoflurane for 6 h; group 5, RESV 200 µM for 24 h + 2% isoflurane for 6 h; group 6, butin 10 µg/ml for 24 h + 2% isoflurane for 6 h; group 7, RESV 200 µM for 24 h + siRNA AKT for 24 h + 2% isoflurane for 6 h. blot analysis. As shown in Fig. 3 , p-AKT was downregulated by isoflurane and the levels of total AKT showed no changes. However, p-AKT levels were restored following treatment with RESV. By contrast, the protective effects of RESV were markedly diminished by specific siRNA targeting AKT ( Figs. 1 and 2 ). In addition, we found that butin inhibited the activation of the mitochondrial-dependent apoptotic pathway induced by isoflurane.
Discussion
The results of the present study demonstrate that RESV effectively protects neuronal cells from isoflurane-induced cytotoxicity by activating the Akt signaling pathway. Anesthesia has been associated with widespread apoptotic neurodegeneration in the neonatal rat brain with persistent functional neurocognitive impairment, exemplified by impaired memory formation (29, 30) . Isoflurane, a halogenated volatile anesthetic, is frequently used in pediatric general anesthesia and is particularly useful for maintaining a surgical plane of anesthesia for several hours (10) . Isoflurane has been shown to induce widespread cerebral neuroapoptosis in neonatal rat pups with subsequent long-term neurocognitive impairment of the animals (31) . A previous study also showed that the common inhalation anesthetic, isoflurane, may induce neurotoxicity in vitro (32) . In the present study, we successfully established a model of isoflurane-induced apoptosis using neuronal cells, as evidenced by the activation of caspase-3 and caspase-9.
Although the underlying molecular mechanisms of neurotoxicity are not yet completely understood, mitochondrial dysfunction, altered calcium homeostasis and apoptosis-related proteins have been implicated. A previous study demonstrated that isoflurane induces the release of calcium from the endoplasmic reticulum (ER) in cerebrocortical and hippocampal neurons (33) . In this study, we confirmed a decrease in the intracellular calcium ion concentration in isoflurane-treated neuronal cells. These findings suggest that isoflurane induces cellular apoptosis by facilitating the release of calcium from cells. Wei et al (34) reported that isoflurane induced cytotoxicity, which was characterized by nuclear condensation and fragmentation and the activation of caspase-3 and -9, by affecting the Bcl-2/Bax ratio. We also observed changes in the levels of Bcl-2 and Bax in neuronal cells following treatment with isoflurane.
RESV has gained considerable attention due to its potential cancer chemopreventive and anticancer properties (35) . In addition, RESV has the potential to control atherosclerosis, heart disease, arthritis and autoimmune disorders (36) . RESV scavenges superoxide anions generated from the rat forebrain mitochondria in a concentration dependent manner (37) . In the present study, we also confirmed treatment with RESV reversed the production of ROS scavenged ROS that were produced. While SOD contributes to reducing the burden of intracellular ROS, previous studies have shown that SOD plays an important role in neuronal cells against oxidant-induced mitochondrial oxidative stress and cytotoxicity (38, 39) . Consistent with the results from previous studies, our results confirmed that RESV increased the levels of CAT and SOD in the isoflurane-treated neuronal cells.
Earlier studies have shown that RESV alters the activity of PI3K/Akt signaling molecules (40) (41) (42) (43) (44) , which are regulated by phosphorylation. We found that the treatment of neuronal cells with RESV alone or RESV plus isoflurane resulted in Akt activation. The protective effects of RESV were markedly diminished by specific siRNA targeting AKT. These results indicate that RESV effectively protects neuronal cells from isoflurane-induced cytotoxicity by activating the Akt signaling pathway.
In conclusion, the present study provides strong evidence that RESV positively controls neurotoxicity triggered by isoflurane in vitro. Experiments using cell cultures revealed that RESV acted, at least in part, by activating the Akt signaling pathway. These findings provide further support for current clinical trials aimed at assessing the beneficial effects of RESV administration against isoflurane-induced neurodegeneration.
